Abstrad-Voltage stability is concerned with the ability of a power system to maintain acceptable voltages at all buses. A measure of the power system voltage stability is the distance to the saddle node bifurcation of the power flow equations, which is called the load margin. When the power system load is very high, andor there exists a large generation-demand imbalance in the power system areas the load margin to the saddle node bifurcation may he too low, and the power system may become close to voltage collapse. In case that active and reactive power generation resources in the importing areas are exhausted, corrective load shedding may beeome the last option. This paper presents an LP-based optimization load shedding algorithm to improve the load margin. The objective function consists of minimizing the total system demand decrease. First order sensitivities of the load margin with respect to the load to be shed are considered. The performance ofthe method is illustrated with highly loaded scenario of the Spanish power system.
I. INTRODUCTION
In recent years, voltage stability has become one of the most important problems in the power system operation. Voltage stability is concerned with the ability of a power system to maintain acceptable voltages at all buses in the system under normal conditions and afler being subjected to a disturbance [I] .
Voltage stability is a dynamic phenomena. However, the voltage instability of a power system can be measured obtaining the distance of the static power flow equations from the initial point of operation to its saddle node bifurcation point, known as the voltage collapse point. To calculate this distance, the bus injections are increased in each bus by a constant rate of initial injections and a scale factor called load margin [2] .
When a power system load is very high, and/or there exists a large generation-demand imbalance in the power system areas (producing large power transfers between exporting and importing areas and high voltage drops in the interconnection lines) the load margin to the saddle node bifurcation may be too low, and the power system may become close to voltage collapse.
In power system operation planning studies, the System Operator analyzes the forecasted 3tate of the power system and performs in advance appropriate control actions to fulfill the security criteria. This control actions consists of voltage control resources (transformer taps, shunts reactors and generation bus voltages) adjustments and modification of the generation dispatch (increase and decrease of generation in several units, and connection of off-line ones).
In on-line voltage security analysis, when the power system is getting close to the load margin, the available control actions may have been exhausted or there may not be fast enough to prevent the system voltage collapse. Therefore emergency load shedding measures may be required. However, it must be considered as a last resort, so demand reduction must be minimized (load shedding in the importing areas and an equal amount of generation reduction in the exporting areas).
This paper presents a LP-based optimization load shedding algorithm for load margin improvement. First order sensitivities of the load margin with respect to the load to be shed are considered. The algoriihm selects both the optimal location of generation and demand buses, and their corresponding power reduction. The objective function consists of minimizing the total system demand decrease. The problem constraints consist of 51 target improvement of the load margin, the power balance equation and the generation and demand limits.
The load margin improvement is approximated with a linear constraint built based on sensitivities with respect to the load to be shed. The main problem of the load margin linear formulation is the loss of accuracy for large variations of generation and demand. To overcome this difficulty, the algorithm has been designed as an iterative process that imposes an additional constraint of the total demand reduction in each iteration.
Voltage collapse sensitivity studies have been proposed in the literature [3], to evaluate the influence of arbitrary parameters on the load margin. Several authors concentrate on the effect of the variation of the load margin with respect to topology changes caused by contingencies [4]. In fact, preventive load shedding algorithms have been proposed in the literature [5], taking into account contingencies and improving a load margin estimation based on first order sensitivities. This paper focus on a corrective algorithm, using the sensitivity factors of the load margin with respect to load shedding, and .improving the real load margin iteratively Those sensitivities are calculated from the Lagrangian multipliers of the nonlinear optimization problem which solution is the system saddle node bifurcation [6].
The paper is organized as follows. Section I1 provides an overview of the algorithm. Section 111 explains how the load margin sensitivities can be obtained from the Lagrangian multipliers. Section 1V describes the mathematical formulation of the proposed algorithm. Section V illustrates the performance of the proposed algorithm applied to an actual scenario of the Spanish power system. Finally, Section VI contains the conclusions of the paper. 
OVERVIEW OF THE ALGORITHM

LINEAR APPROXlMnTION OF THE LOAD MARGIN
Let us start with the power flow equations:
where F, is the initial bus injection.
Let FA represents the parameterized change in bus injections due to variations in generation dispatch and load demand. To calculate the distance to the saddle node bihcation in the direction given by the parameterized vector Fa, the load margin 1 is introduced. Then, the augmented active and reactive power flow equations can be expressed as follows: where E is the right-hand-side of the equality constraints. Let p be the lagrangian multipliers corresponding to the equality constraints. Then the Lagrangian of the problem is built as follows:
The optimality conditions are obtained derivating the Lagrangian with respect to the load margin, the state variables x ={e, V ) and the Lagrange multipliers:
where Fx is the Jacobian matrix of the power flow equations.
Therefore, in the saddle node bifurcation, the augmented power flow equations (7) must be satisfied, and also there exists a non-empty vector (5), p , that multiplied by Jacobian matrix is equal to zero (6), so the Jacobian matrix of the power flow equations F, is singular.
The Lagrangian multipliers p are the sensitivities of the objective function with respect to the right-hand-side of the
Assuming a proportional relation between the initial bus injections F, and the parameterized change in bus injections FA, let 7 be the proportional ratio between them:
In that case, if a power redispatch WO, is applied in bus i , the right-hand side of its Corresponding power flow equation E, will be modified as follows:
Thus, the sensitivity S, of the load margin 1 with respect to the initial bus injection F,, of the bus i : Therefore, the linear approximation of the load margin can be expressed as follows:
where 1 ' is the initial value of the load margin, and MO, the bus injection redispatch in the i -th bus.
In order to generalize these expressions, let us separate F, and F, into two terms corresponding in both cases to generation and demand
Hence, there exists a proportional ratio qG between initial bus generation FG, and the parameterized change in bus generation FG, :
and a proportional ratio qD between initial bus demand FDo and the parameterized change in bus demand FD, :
Thus, two different sensitivities of the load margin with respect to both initial bus generation and demand may be formulated 
A. Notation
The load shedding algorithm is formulated in term of both active and reactive power parameters and variables. Therefore, the following notation has been adopted I ) Parameters PG,, :
S G , :
Initial active generation in bus i
Sensitivity of the load margin 1 with respect to the initial active generation in bus i
PG; :
POo, :
S O , :
QD,, :
Lower limit of generation in bus i . V. RESULTS The performance of the algorithm is illustrated considering a highly loaded hourly scenario of the operation of the Spanish power system. The power system model includes representations of the French, Portuguese and Moroccan systems. The total load ofthe Spanish system is 29108 MW.
Initial active demand in bus i
The security criteria of the Spanish power system requires that branch power flows and bus voltages are within their limits. In addition, the system must he far enough to the critical loading condition in order to prevent voltage collapse [SI. The Spanish power system and the external systems are divided into eight areas. Fig. 2 displays the approximate situation of each area. Northwest and north areas (area 1 and 2) are usually exporting areas, and east, center and south areas (area 3, 4 and 5) are importing areas. Areas 6, 7 and 8 correspond to the areas representing the Portuguese, Moroccan and French systems respectively. The worst voltage problems are located in importing areas. An efficient load shedding algorithm should reduce their load, and hence reducing the power transfers between the exporting and importing areas.
The case considered had an initial load margin of 1'=4.6%, obtained with the non-linear optimization algorithm AAer the redispatch, the load margin increases to a final value of 10.7%. It should be noted that the security target value of 15% was not achieved because the maximum demand threshold allowed (500 MW) was reached before. 
VI. CONCLUSIONS
This paper has proposed an optimization algorithm to determine the amount and location of the minimum load shedding to improve the load margin to voltage collapse.
The algorithm is based on I,P optimization. First order sensitivities of the load margin with respect to the load to be shed have been considered. The objective function consists of minimizing the total system demand decrease. The problem constraints consist of a target improvement of the load margin, the power balance equation and the generation and demand limits To overcome the loss 01' accuracy of the linear approximation of the load margin, the algorithm has been designed as an iterative process that imposes an additional constraint ofthe total demand reduction in each iteration
The performance of the algorithm is illustrated considering an hourly scenario of the operation of the Spanish power system VII. REFER 
